When WBC264-9C cells are preincubated with pertussis toxin, chemotaxis is inhibited and ADPribosylation of a membrane protein with a subunit Mr 41,000 is observed. Both the inhibition of chemotaxis and the ADPribosylation by pertussis toxin display a similar time lag, temperature dependence, and pertussis toxin-concentration dependence. Although the inhibition of chemotaxis and the ADP-ribosylation of the membrane protein are qualitatively correlated, nearly complete inhibition of chemotaxis occurs when there is only partial ADP-ribosylation of the membrane protein. Pertussis toxin-catalyzed ADP-ribosylation of the Mr 41,000 protein in WBC264-9C membranes is stimulated by GDP, GTP, and to a lesser extent by GMP; the nonhydrolyzable GTP analog guanosine 5'-[fB,-imidoltriphosphate has no effect. WBC264-9C membranes have a high-affinity GTPase activity, which is partially inhibited in membranes from pertussis toxin-treated cells. Neither GTPase activity nor adenylate cyclase activity in membranes from WBC264-9C cells is affected by fMet-Leu-Phe, an attractant for these cells. Our results suggest that a guanine nucleotide binding protein may be involved in chemotaxis, but they do not indicate an involvement of adenylate cyclase.
In contrast to bacterial chemotaxis, where the use of advanced genetic and biochemical techniques has led to a fairly detailed understanding of the bacterial sensory mechanism, progress on the biochemical mechanism of mammalian cell chemotaxis has been limited by the availability of experimental probes. The evaluation ofthe chemotactic behavior of cells treated with various compounds that result in decreased methylation is one approach that has been applied to both bacteria and mammalian cells (14) . These studies have led to the conclusion that methylation reactions are involved in chemotaxis in both bacteria and mammalian cells.
The discovery by Schiffmann et al. (5) that N-formyl peptides are attractants for rabbit neutrophils and guinea pig macrophages provided a probe with which to study detailed binding ofan attractant to a mammalian cell receptor. Several studies of the binding of N-formyl peptides to cells or membranes have indicated that the receptor may exist in two affinity states (6) (7) (8) and that the binding can be affected by guanine nucleotides (9, 10) . These characteristics are reminiscent of the regulation of adenylate cyclase by guanine nucleotide binding proteins (11) and may indicate that these or similar regulatory proteins are involved in chemotaxis. The possible involvement of a guanine nucleotide binding protein in chemotaxis is supported by the recent discovery that pertussis toxin is a potent inhibitor of macrophage chemotaxis (12) . Pertussis toxin is known to ADP-ribosylate at least three nucleotide-binding proteins: transducin, which increases the activity of cyclic GMP phosphodiesterase in retina (13) ; Ni, which inhibits the activity ofadenylate cyclase (11) ; and No, whose function and relationship to Ni is unknown (14) (15) (16) .
In this paper, we provide evidence that there is a qualitative correlation between the inhibition of chemotaxis by pertussis toxin, the entry of toxin, and ADP-ribosylation of a single membrane protein of Mr -41,000. We have chosen as an experimental system a hybrid cell line that exhibits chemotaxis to fMet-Leu-Phe.
METHODS
Cell Culture and Chemotaxis. The RAW264 (17) and WBC-264-9C cell lines were cultured in minimal essential medium (Eagle) containing 10% heat-inactivated fetal calf serum, penicillin (100 international units/ml), and streptomycin (100 ,ug/ml) as described previously (18) .
Chemotaxis of cells across a Nuclepore polycarbonate filter was determined in multiwell chemotaxis chambers as described (4, 18) . Cell migration was assessed by measurement of the optical density of filters stained with Diff-Quick (Harleco, Gibbstown, NJ) (unpublished method). The optical density is proportional to cell number. Assays were performed in triplicate and the standard error of the mean was <10%.
The preparation of endotoxin-activated mouse serum (EAMS) (12) , pertussis toxin (19) , and antibody to pertussis toxin (20) has been published previously.
Preparation of WBC264-9C Membranes. WBC264-9C cells were centrifuged at 250 x g for 5 min and the cell pellet was frozen at -70°C. The rest of the steps were all carried out at 0°C. The frozen cell pellet was suspended in a hypotonic membrane buffer (10 mM Tris Cl, pH 7.5/5 mM MgCl2), and the cells were homogenized with 15 strokes in a Ten Broeck tissue grinder. The suspension was centrifuged for 10 min at 500 x g to remove nuclei and unbroken cells, and the supernatant fluid was centrifuged at 40,000 x g for 20 min. The membrane pellet was suspended in membrane buffer at 1-5 mg of protein/ml. Protein concentrations were determined by the method of Bradford (21), using bovine yglobulin as the standard.
[32P]ADP-Ribosylation with Pertussis Toxin. ADPribosylation by pertussis (25) . RESULTS WBC264-9C is a hybrid cell line isolated from a fusion of human peripheral leukocytes with a thioguanine-resistant variant of the mouse macrophage cell line RAW264. The isolation and characterization ofthe WBC264-9C cell line will be described elsewhere. The distinctive feature of the WBC-264-9C cell line is that it exhibits chemotaxis to fMet-LeuPhe, whereas the RAW264 mouse macrophage line does not. Both the WBC264-9C and RAW264 cell lines exhibit chemotaxis to EAMS, an unpurified attractant generated in mouse serum. When pertussis toxin and WBC264-9C or RAW264 cells were mixed and immediately placed in chemotaxis chambers, inhibition of chemotaxis to EAMS was observed for both cell lines, although RAW264 chemotaxis was more sensitive to inhibition (Fig. 1 ). Inhibition of WBC264-9C chemotaxis to fMet-Leu-Phe was not detected. However, after a 1-hr preincubation ofWBC264-9C cells with pertussis toxin at 37°C, chemotaxis both to fMetLeu-Phe and to EAMS was inhibited with a sensitivity comparable to that observed for RAW264 to EAMS (Fig. 2) .
The time dependence and attractant specificity of the inhibition of chemotaxis can be explained by two sets of observations. First, the attractant-dependent kinetics of migration of RAW264 and WBC264-9C cells are different. A previous study (18) has shown that <5% of RAW264 cells cross the chemotaxis membrane in response to EAMS during the first 2 hr; and we show here that in 1 hr 45% of the WBC264-9C cells migrated to EAMS, whereas migration to fMet-Leu-Phe was essentially complete ( Table 1) . The complete migration of WBC264-9C to fMet-Leu-Phe in 1 hr was in accord with the observation that, after preincubation with pertussis toxin, WBC264-9C chemotaxis to fMet-Leu-Phe was inhibited to the same extent in either 1-hr (data not shown) or 4-hr chemotaxis assays (Fig. 2) . Second, as we will show below, entry of the toxin was required for inhibition of chemotaxis, and it has been shown in other studies that toxin entry and activation require approximately an hour (26, 27) . Therefore, during the time required for the entry and activation of pertussis toxin, a larger percentage of the total migrating WBC264-9C cells will cross the filter and be scored (Fig. 2) . In contrast, after preincubation at 0C, which should inhibit entry of the toxin but not binding, the sensitivity of WBC264-9C cells to inhibition of chemotaxis by pertussis toxin was not increased but, in fact, was similar to that of cells that had not been preincubated ( Figs. 1 and 2) . Experiments with antibodies against pertussis toxin provided another indication that the entry of pertussis toxin was required. When antibodies are mixed with the toxin and then added to cells, inhibition of chemotaxis is prevented (12) . However, if antibody was added at various times during a 1-hr preincubation with WBC264-9C cells and pertussis toxin at 37°C, the antibody was effective in preventing inhibition of chemotaxis only when added during the first 15 min (data not shown).
After entry into cells, pertussis toxin is known to catalyze ADP-ribosylation of the a subunit of guanine nucleotide binding proteins, such as transducin (13) and the inhibitory protein of adenylate cyclase, N; (28, 29) . When membranes of WBC264-9C cells were incubated with [32PJNAD in the presence of pertussis toxin, a single protein was labeled which migrated upon NaDodSO4/PAGE in the presence of 2-mercaptoethanol as a Mr 41,000 peptide (Fig. 3) . This is the same Mr reported for the a subunit of N; from a number of sources (28, (30) (31) (32) (33) (34) (35) high-resolution separation method again showed only a single toxin-dependent radioactive spot with Mr 41,000 (data not shown). Fig. 3 also shows that the labeling of the Mr 41,000 peptide was greatly altered by the presence of guanine nucleotides. GTP greatly stimulated the labeling of the peptide, whereas the nonhydrolyzable GTP analog guanosine 5'-[P,y-imido]triphosphate had no effect on the ADPribosylation. GDP produced a greater stimulation of ADPribosylation than GTP, and GMP also stimulated the reaction, but to a lesser extent than GDP. The effects ofguanine nucleotides on chemotaxis were not determined because intact cells are not permeable to nucleotides.
If ADP-ribosylation of Ni or a similar protein causes inhibition of chemotaxis, then the enzymatic activity of the toxin must occur in intact cells under conditions similar to those which inhibit chemotaxis. To examine this question, we incubated intact cells with the toxin at various concentrations and time intervals to determine the extent of ADPribosylation of the Mr 41,000 peptide. Since [32P]NAD does not enter intact cells, ADP-ribosylation in intact cells, which is due to endogenous NAD, was determined indirectly in membranes from pertussis toxin-treated cells by measuring the decrease in the Mr 41,000 peptide that was available for
[32P]ADP-ribosylation.
When intact cells were incubated with pertussis toxin (5 ng/ml) at 370C, a lag time of 1 hr was observed for ADPribosylation of the Mr 41,000 peptide. After 2 and 3 hr, significant ADP-ribosylation was observed, with 64% of the peptide ADP-ribosylated in intact cells after 3 hr ( Table 2 ). The entry of the toxin into the cells and the subsequent ADP-ribosylation of the Mr 41,000 peptide was also temperature-dependent. ADP-ribosylation was significantly reduced but not completely eliminated when the cells were incubated with the toxin for 2 hr at 0°C instead of at 37°C (Table 2) . When intact WBC264-9C cells were incubated for 2 hr at 37°C with various concentrations of pertussis toxin, significant ADP-ribosylation of the Mr 41,000 peptide was observed at a toxin concentration of 5 ng/ml, and at 50 ng/ml almost all of the peptide in intact cells was ADP-ribosylated (Fig. 4) . The results of these experiments show that the concentration dependence, temperature dependence, and time lag of approximately 1 hr for ADP-ribosylation of the Mr 41,000 peptide in intact cells are qualitatively correlated with the inhibition of chemotaxis by pertussis toxin.
Highly purified Ni is known to have a high-affinity GTPase activity (15, 36) . When high-affinity GTPase activity was (lanes 2-5) of activated pertussis toxin (8 pyg/ml) to 32P-label any M, 41 ,000 peptide that had not been ADP-ribosylated in the intact cells by the toxin. Membrane proteins were then separated by NaDod-S04/PAGE and the radioactivity was detected by autoradiography. measured in WBC264-9C membranes, the activity was reduced in the membranes of cells that were treated with pertussis toxin, and the decreased GTPase activity was correlated with the ADP-ribosylation of Mr 41,000 peptide (Table 2 ). It has also been reported that fMet-Leu-Phe can stimulate high-affinity GTPase activity in broken-cell preparations of human neutrophils (37) , suggesting that the fMetLeu-Phe receptor in neutrophils may interact with Ni or related guanine nucleotide binding proteins. However, a wide range of fMet-Leu-Phe concentrations did not stimulate the high-affinity GTPase activity in WBC264-9C membranes (Table 3) . Therefore, even though the chemotaxis ofWBC264-9C to fMet-Lue-Phe and the high-affinity GTPase activity were inhibited by pertussis toxin under conditions where the Mr 41,000 peptide was ADP-ribosylated, it does not appear that the binding of the tripeptide to the N-formyl peptide receptor has an effect on the high-affinity GTPase activity.
In human neutrophils, an increase in cAMP has been reported when cells are incubated with fMet-Leu-Phe, sug- gesting that the N-formyl peptide receptor may be coupled to adenylate cyclase (3840). It has also been shown that ADP-ribosylation of N, by pertussis toxin attenuates the inhibition of adenylate cyclase when agonists bind to inhibitory receptors (28, (30) (31) (32) . Since pertussis toxin also inhibits the chemotaxis of WBC264-9C cells to fMet-Leu-Phe under conditions where the toxin ADP-ribosylates the Mr 41,000 peptide, it was of interest to determine whether adenylate cyclase was coupled to N-formyl peptide receptors. The data in Table 3 show that there was no change in adenylate cyclase activity when WBC264-9C membranes were exposed to 10-8-10-5 M fMet-Leu-Phe, including those concentrations (10-8_10-7 M) at which optimal chemotaxis is observed (41) . As a positive control for the cyclase assays, membranes were incubated with isoproterenol, which produced a large stimulation of adenylate cyclase activity (Table 3) . If the N-formyl peptide receptors were coupled to adenylate cyclase and Ni, then binding offMet-Leu-Phe would be expected to decrease basal adenylate cyclase activity (24, 28) . Since this inhibition was not observed in the WBC264-9C membranes, the data suggest that fMet-Leu-Phe receptors in WBC264-9C cells and chemotaxis to the tripeptide are not directly coupled to adenylate cyclase.
A role for biological methylation in macrophage chemotaxis emerged from earlier studies in which it was shown that 3-deazaadenosine, an adenosine analog capable of interacting with S-adenosylhomocysteine hydrolase, will specifically inhibit chemotaxis (4) . The synthesis of specific proteins is inhibited when cells are treated with 3-deazaadenosine, and this finding has led to the proposal that the continuous synthesis ofone or more 3-deazaadenosine-sensitive proteins is required for normal chemotaxis (42 (44 46) . Furthermore, it should be noted that a uniform concentration of fMet-LeuPhe elicits several activities, including cell aggregation, degranulation, and superoxide production, whereas a gradient of the tripeptide is required for chemotaxis. Therefore, more than one guanine nucleotide binding protein may be required to regulate all of these functions. Biological activities measured in different cell types can also respond differently to occupation of the N-formyl peptide receptor. Harvath and Aksamit (47) have reported that oxidized fMetLeu-Phe binds to the N-formyl peptide receptor in human neutrophils without eliciting a chemotactic response, whereas human monocytes both bind and exhibit chemotaxis to this oxidized peptide. Based on these findings, these authors have suggested that the N-formyl peptide receptor complex or transduction mechanism is different in human neutrophils and monocytes. Additional studies will be needed to determine the molecular correlates ofthe various cellular activities and the guanine nucleotide binding proteins.
